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Abstract 

We aci\ucate the use of achiiissiOB coiurol xo Uinii the immbei- of TCP flows on a network link 
to cnsiu'o that each has a mminial acceptable rhioughpiit. We aeiuonstrate that, in the absence 
of saich a contiol. the ineffective traffic due to the retiansiiiission of lost pAcket.s constitutes a 
significant oAerheaO aiut can even leat-1 to congestion collapse in certain conftgiuations. A second 
cause of inefficiency is the incomplete transmission of Jociunents whose traiisfei- is abaixlonej 
by asci^ oi- liigher protocol layers exr»ei4encing very low thiou.sOipiif . Adjuission control removes 
the caxLse of flow intenaiption, niaintaiiiing goodput e\en in case of demaiid overload. Finally, 
we tliscxiss miplementation issues, reco.gnizing tJiat the pror»osed a^^bnissiori ct^ntrol proce^lme is 
at the limit of ciUTent technolo.g>\ 


1 Introduction 

TroffioiQ a nniltiKT\-ioo network can bo broadly classifir-d as ^strcom" or 'clastic": stream flows 
result from au..lio and video applioa Lie>ns and re<-|uire the network t-o preserve l^irne int.egril.y; elastic 
fl.:.ws are estal.lishe<l for the transfer of digital dcH^iunenrs (Tiles, picnue^, ...) an.J only have ]oc«>e 
response ihne refjiiiremenU [HobOsa]. 

Admission cc^ntrol -rojisist^s in refusing a new How if the addition .:.f its trafEo would lea.i to an 
imacceptable quality of service level fox that or any previously accepted flow. Tliis xy^ye of onrrol is 
frequently considered to bo nax^ary fc^r stream traffic, prccis^vh- in ordc:r to prc^rrve tirnc inteoirity. 
but not so for elastic traffic. Ind.x-d, in defining the notion of elastic traffic, Shenker ossiimcs that 
iisca-s derive a, certain utility from an elastic flow which is a positive, strictly concave function of 
allocate..! ban-Aw^idth. This implies that overall luiliiy gaine.1 from elastic traffic hanelled by a network 
link mcreases with the number of flows [Sheiirj]. In this paper we argne to ihe contrary that athxiission 
control is essential to preser\iQg the efficiency of the netriork and the quality of service offered to 
nstrrs. In the absence of admission control, overload and coiLs<?qiient instabilities can load to severe 
forms of congestion o>llapse- There is a niininnmi a<:-:eptable llironghpxit belc.w which users .^ain no 
pCiSitive utility. 


place o,ir discussion in the context of the Internet where the lor.ce majority of traffic is 
•elostic and is transferred under the end-tc-end control of TOP. One ftmction of TCP is t..:, share 
bandwidih fairly ainong currently active flows. The rneohanisni ly wLieL ilds Is achieved relief 
on indiviaual ttow^ o-raduaDy increasing their sending rate until a packet l«s Ls .Jetwte<.l, then 
d-:reasuig the rale imn-ie..Uately U". a lower level before starling a new gTadi.al increase phase. The 
packet I0S.S rate increases as the l.an..lwi..lth share decrea.ses. .<;ia»ce lost packets are retran-smirted, 
there is a disproportionate increase iai i^ieft'e-.-tive traffic as the muiiber .:.f flows sharing a bottleneck 
link increases. The inefTcrctive traffic dtie to rorraiisnussions ...an, in certain network confi.giirations, 
lead to insial.iihly an-.I eventual ccingeslion -.xJlapse. 

r'ongestion ccllap.se c-;.:iirs more obviotu^ly when traffic oITered tc a bottleneck liiik is greater 
than its capacity. By traffic denian-l we mean the flow arrival rate multiplied by the expecte<.l 
v.:.hune .:.f ..lata to U transferred. as.sxmiing (for the sake of simplicity ) that the flow arrival rate is 
n.;.t influenced by network stattis. If i.,sers do a..'c,tdre v.tility from any positive bandwidth, however 
small, the innnb.:r of flows in progr.:*? wotUd increas.; indefinitely as long as the overload lasts: flows 
last longer and longer as their bandwidth gets .smaller while the arrivals of ne w flows continues 
tmabate.1. In practice, of course, as transfer times grow longer some users will grow impatient. 
Similarly, as bandwidth t^nds to zero and packet 1-:^. increases, sc.me apphcations will a«i,me the 
TfiP connection is broken and abandon. In either .:ase. all the work done in partially transferring 
dcH.'iimc:nt is wast.:d and further contributes to congestion as tis-^rs will often reiM^ar their document 
request later. 

The tise. of adndssion control to ensure any accepted flow re.:eivcs a miniminii acceptable through- 
put avoids wasting network res.>urces on retran-smissions and i:KX.mi>leie transfers and maimains 
iLseful thi-onghpiit even in case of demanel overload. Li addition, we note that the me.d.aidsms n*.> 
essary lo perform aehiiis.sion control are aLs-:. ree,uired to perform hilelligenl rouiing ofelasli..- flows, 
e.g.. choosing the network path wldch offers the l--5t throughput to a newly arriving flow [OOfw]. It 
may also be argued that admission control is ne-^essary in a network employbg tisage based chars-in- 
[RobOsb]: if iLsers pay iii relation to the mmiber of packets transmit leel. Ihe nimiber of retransnui.s^ 
sions should be neghgible and any d.>:tur.ent transfer wliich logins should be goiaraniwd completion 
within a reascaiable resp':>rise tirne. 

UTiile we believe the above con.stitute compeUing ar.giiments in favour of introducing achrdssion 
control, it remains to demonstrate that thL< Is feasible. The majority of elastic flows ar^ very short 
and the intrc-duction of a classical signalling exchange to perform admission control wotild appear 
to constitute an luiacceptable overhead. For TCP flows in the Inteinet; we suggest that an on-tho- 
fly decision k. accept or elis-^ard the fust packet of a flow vvv.iUd U .sufficient. IL then necessary. 
h.:.wever. to be aware of the identities of currently active flows and to be able t.:. classify packets 
a..w..ling to these identities as and when they arrive. The ne.:essaQ' operations, for the envisaged 
high speed links of the future Internet, appear to be at (or just beyond) the Hmits of presem 
technology [l^LSrts]. 

In the next section ^v- discttis the nattm; of elastic traffic as a sfaxh-astic procss and introduce a 
mcKlel of the TCP congestion avoidance mwhauLsms. In Section :^ we present simple mathemali.:a] 
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modcb which illiisirct.,:- the: iucfficiciioy ond potontiol iij*t.obi]ity .xvosioncd by the m TCf ,,f 
•■ropootc:<i packet the moans of clotcraiiuiug available bandwidth. Section J then domon-strata. 

L.:.w l.Le inl*rnii-,Uc.n of iraiisfers, due lo i.ser impal.i«v» .:.r a broken higher layer conne.:iion, lemcv^ 
instability m case of overload but lea..U to considerable bandwidth wastage. Finally, in Section r,. 
we diso,.*s iLe implementation is.siie, notably identiljing fttrther possible advantage of perfortning 
per flow qiieueing on the (limite"!) nxmiber of athiiitte..! Jl.:.w.*. 

2 TCP flow traffic model 

The arg-timenU for introdttcing TCV Hew acbiuwion control are e*.>enLial]y derive..l from the-oV^-- 
valioii that (he network ol.herwi.se behave* in an inelBcienl. and ]-.o(.enlially iin.*table mamier. To 
illustrate the inefBcienci^ and possible causes of cong^tiou collapse we need a traffic model re^ 
Ksonting the random flucttiations in the minib.:T of flows and accounting for the way Tr:p .shares 
link bandwidth bctwc*n the*., flows. This model is ncx^sarily a compronii«: between a realistic 
representation and malLemal.i.:al IraotaUli.y. In lids .section we .U.sc,t*s known traffic characteri.slics 
an..l TCtp behaviour and intro..lnce a nurnl~?r of simplifying assumptions. 

2.1 Traffic characteristics 

Despite the extreme growth and changing nature of the Internet, It is p:«sibk to ..lerive from the 
restdts of a mmiber of exten.sive measurement campa,gn.s. a fairly general qualitative traffic ohara.v 
terization at the flow kvel [FG\VK^^. TOP flows are in large majority generated in Web sessions 
w-hos.- .starting times in a one hoxir time frame, say. can be accurately represcait-:^ by a Poisson 
proc.:ss. Within a s.ssion, a user r.:trievc* a certain niunber of page*, each page po.s.«bly r-xjuirin? 
the ejtablislmient of a mmiUv of TOP flows. The niunber of flows initiated in a ser^sion is highly 
variable (inrmile varian.;e distribution) prc^hicing .self .similarity in the flow arrival process, at leas, 
at the LA>:/Internet interfa.re [FOWWH]. 

For the sake of simpH-^ity, w^e w^Hl nevertheless assume the flow an-ival process at a considered 
b.:.ttleneck link is P.jisson. This is not ne-.v^sarily incompatible with the experimental results. l-;arino- 
in loind that the okerved TOP flow^s do not aU concern .sei-.ers accessed via the con.sidered link. A 
Poi.ss.:.n proc.:ss results naturaUy when a very large population of uscts indejxndently make relatively 
wi..lely spaceel ..leman..Ls. Moreover, the essential ohara-.^eristic of the arrival pro.:«.s for our ..Us-Mtssion 
is that its intensity has an exogenous .x.mp.:.nent. whether h U the arrival rate of se*.sions or pages, 
which is mdependent of the netwv.rk status. 

The vohmieof data transferred in a TCP flow is higUy variable. Meastu-ements performe-J .:,n W.h 
pages [AWOfi. BCm] reveal a heav^ taUed dLstribution with infinite varian.>;: Pr[s* rr > ,e] ~ x'^ 
for Large .r . where l<6< 2. WTulc some of our residts arc insensitive to the exact nature of this 
cUstribulion. for reasons of Iraelability, we free,ueaUy have 1^. make the a.^simipiion that the size 
clisrril»i!tioii is exjX'neutial. 


2.2 Modelling TCP 

Tf :P h a complex window Wml protocol emming r.li.lJe data d^Lv.ry by retransmitting lost (and 
errcrr^) packets. Its congestion avoidance algorithm aims to niinimiz* Ic^ and to realize fair sharing 
by dynandoally adjiisliaig iLe window si^e in response .o network congestion. A fairlv comprehensive 
model of TCP is ..les..'ril..«l 1.,- PadLye ei .1. [rFTKi-s]. parlioxdar, iLey derive an exj.ression 
relating tLe flow tLrougLpnt ,o the packet k^. rate p. TLe flow rate D(p) out of a TC? ^-mrce in 
packets per second, inchicUng retransmissions, is given approximately by: 

Dip) « min I ^liSH ——^ i ^ 

where H„,, is the receive window size, ft JT ls the roimd trip ti:ne ..nd To the initi.,1 time-ont vrdue. 

Xoto that as p-^\. the flow rate do(* not tend to zoro but to a certain hmit vahio. In c:xtromc 
congestion, Trp emiUs packets one at a thne, on the exj.iraticn of. time-out which increases lo the 
maximm-n value of .MTn. The approximation (1) is accurate for smaller valnes of/, b,u overestimates 
tLe niinimiuii tlii'Mio-liput as p — * 1 . 

When several flows share a given link, the throughput attained by each flow depends on many 
factors including the individual round trip tim« and the rate available on other links on the flow 
paths. Band^^idth sharing in a network is a complex si,bjr..t [MROsa, RMO«]. For present purpos-:*. 
wo ^dJl corusider an i.sol.nte:d bottlon^k link and a.ssnnK: that the mechanisms of Tr:p ensmc that 
each flow achieve* an exact fair share, i.e., if « flows are in propcss on a link of capacity C. then 
each flow is transferring data at rate Cjn. 

3 Impact of retransmissions 

In this se,.'tion we .x.nsider the impact of retransmission's on conge:.tion. In the ca.se of an isolated 
bottlcncdc liiilc, retransmissions have no an impact on th<: stability of that link bt.t do add extra load 
to ttix^lream network elements. Ilb^^ver. we demonstraie that in more general network confl titrations 
with a particular trafl^c couphng l-.tv.-een two or more links, cong^tion collapse can occiu- on those 
links sirnply be-.-ause of the retran-sniissions. 

3.1 Single bottleneck link 


Consider a link of capacity C (bits/se»;) han.Jling TCP flows arriving accor.Jing to a Poisson proo?*s 
of ktensitj- A (flows/se.:) and transferring dc-nmients of mean .size ijp (bits). Let p denote the link 
load, = A/r>. By the csstunption of iwrfc.:t fair shcaing, the number of flop's in process behaves 
like the ciist^.mer population m a pro.>^s.>r sharing .system and k therefore geometricaUy eUstribute<.l: 
Pr[« flows] = (1 - if p < 1 . Tlds result is msensilive lo the ..Uslribution of do.:umenl size*. 

In case of overload (/. > 1) thl. system is cleariy tmstalJe and congestion coUapse is inevitable. 
Supix^ here that have p < 1 and consider the volume of retransmissions when the number of 
orxWe flows is ». Let be the input rate in bits/se-: into the bottlene^'k link of one flow. The k^s 
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rou is thcii p swch thot - B(p)L, whoro L k tho pockt. sue in hiU and Dip) is given by (1). By 
consorvoTion: w olsohovo tho relation T'/n = '(!-;>). Solving tho rwx.simiiJtcinooxiso<|inTions ollows 
iLS to -ralouku^ Ihe loss rotr- p cmd cons»K]uenLh\ Llie input vale fis o fimoiion of a. Figiirr^ 1 ploU tLe 
r^^lotivt. retransiriission overLead (ii-y/r- 1) os a fimction of tLe ciuTent flow tronsfer rate r/i*K 
exi>TntNS^.l here in po.:krls ix^r se«:ond. TL^ results .:tre independem of the pariioidar liiLk rate C and 
pocket si2e L and are derived using tLe parameter values {RTT - \):lhl/To = l.lol. H;,^^^ = ;^;^} 
corresponding to one conne-rtion ('-pif to rnanic") reported in [I'FTKOh]. They demonstrate that 
the: ovcrhc:ad, representing the ext.ra work which nnist be o.^romplishcrj by the upstream ucrtwork 
elernenis (including the router prc»ce^s-:.r giving access lo the .:onsidere..l lirJt), grows rapidly as the 
flow transfer rate decreases. Employing admission control to ensure a transfer rate of at least (> ' 
packets per second (arcnin.J 21 Kbit/s) would liimt the overhea.J to 10%. 
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Figiue 1: Retrans-nussion .overhead as a function of flc.w rate (packets/sec) 
3.2 Traffic coupled links 

In certain network <:oniigurations, the retransmission of lost packets can lead to con.2:.:stion collapse 
even when the offered L:»ad k:?s than capacity. This can happcai, for example, when flows on one 
traffic route use two links in one order while ili:»w.-> on another route use the same links in the inverse 
order. This example Ls iii.ii.:a live of a more general o:.nrxg-ura lion, where links are joined in a closed 
chai2i by a set of rout€T> using two or more adjacent Links, as depi.?.te..l in Figiu-e 2. We ..x-nsider the 
twc^Hnk ring, first assnnung a simple traffic model to illustrate the instability phent:»mcnon before 
indicating how congCi;ti»:»n collaps*? can occur with TC? flows. 



4-liiik ringflehvork 2-Iink ringnehi'ori 

Figure 2: U 'mg iielworks wilL fe^lbot^k loop 
3.2.1 A prcliiuinary model 

rioiiackr the twc-link ring network of Figtiro -J. There are two .servers 1 and 2. and two traffic rout« 
1 and 2. traffic rome /, / = 1,2, first, visiting server / and ihen the other .server. Asstun* Ihai traffic 
on eadi roule arrives in a fluid manner at conslanl rale iLat service al. each .•^er^'er l< FIFO ai 
norniali2e.I speed 1, and that IxxfTeis are finite. Rate^ i.> meant to represent the total arrival rate 
at the first .server on the route due to a r>.:*.>il-.ly large mimler of individual flows, and include* 
retransmi.s*ions. The efl-ective throughput on each flow is denoted - . Let p U the proportion of fltud 
lost at each server. Be..-ause of the FIFO assiuiiption. the rate of traffic entering server 1 (resp. 2) 
along route 2 (res]). 1) is ^'( i - ;>); thus p satisfi-r* 

1-P=^ - ii-''<l/i 


I 1/(7' + f 


f(l-p)) if-/ > 1/2, 
yiekling 

i-M7')=(; ^ '^'^'/'^ 

[ ^(-i + v/r+W) if^.^> 1/2. 

We ako have the flow con^ervation relation 7 = (1 -^(7'))?'/ which, together vidth the ab.:.ve, defines 
a fiuK-tion 7{-;-') which Lsplott.?d in Figure :V2.1. 


Figure Throtighput as a fimction of input rate y. 

Asstime n.:.w that the throughput is a prc^pc>cific<l value 7 G [ri,l/2). It is readily scon on 
Figiue ;V2.1 that there exist two distinct values for 7-- correspomUng U. the given value the 
lowest one, being exactly 7, and the largest one, corresix.nding to a non-zero k-s* reomie 
(7; = (l-7)-/7). 

In the considered model, for a given demand 7 , the in]>ut rate is constant and e,-,ual to either 7 
or .\s.simie now that there is a constant delay S between loss and retransmission. The input rate 
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o1. time i. then ovo]v<* acoordma; to thc: cviucit.ioJi: 

V(') = 7 + ;>(y (' - <J)) t'C - <)•) + [1 - - 6))] ,.. {-/(t - J)) _ s) ,0, 

Ad elementary stability analysis allows t.s to o<.noh.de that the equilibrium point 7' = 7 is stable, 
whilo V = -4 IS not: a smaU ixrtnrbotion to the- loft loads thc traj«*ory to 7. wMo a small 
perlurlaiion U. the ri.gl.l re*u]U m an explosive Lxajec.ory. \\.. iLus .ronjecUue Lhau in .he prince 
of siochasli.; perltu-baii.r.ns, the system will linger for a l.:.ng ume in iLe vi-Aiiiy of the atiracLive 
point -/ = which then corresponds to a metastable state, but eventttally sufDoiently strong 
pertttrbations will residt in unstable behaviotu-. This observation is pm-sued m the next subsection^ 

3.2.2 Instability for sources iruplomcnting TCP's congestion avoidance algoritLm 
rionsidor again the twc^hnlc ring network of Figiuo "2. and as^simio now that now flows on route 
/ arrive at rale A,. / = Li. and last for the transfer of a volume of data whi-rh .s e.xix-.uenliaUy 
distribute.! with parameter .\ssiune that Equation (1) of Padhye et al. [PFTK-Ls] api'.lies to 
this situation, so that, if ^ is the loss proportion on lini the rate (in ]>ackets/,se.-) at wld-.-h type 
I ■rontieoti<:>ns eniit. data is exactly 

t'l =rMA'j + (J -/ulp?), 

v. = D(p. + {l-,,,,),y,), <-^) 
By conservation, the quantitife? i-,- an<l p; alsc. satisfy 

(1 - pl)(»lit'j + (1 - /)2)J)2(S) = 

The foiu- previous equations determine these quantities in t.erms .:.f m and n.. The process (A'l ..Y-.) 
counting the number etf ongoing comi^tions along each route is then a Markov prooe-ss. with tran- 
sition rates given by 

+ 1 : Xi, 

ni -f Ui - 1 : pirvniiii - l - pV). 
We iLen Lcn e iLe foll<:>wing r«?:>ii]K 

Proposition 1 . The Markovprc^css (AV-Y.) is transient, provi^lal k.tb A, ,ncl \, arc positive, 
<■/»»(/ llif funclion D is lowir k'unckd t<ii soin( i',„;„ > (i. 

The proof reli.^ on Lyapunov function t.x-hniqttos (more pr«Lsely, on Fteter s transience ..-riterion. 
as des.;ribed in .Wu^sen [AsmHl]), and can be fotmd in [MRwb]. ThLs instability p^;.pertJ• can be 
exiJainod as foUows: if n,, say, is lar.ge. then bc^aus.? the s.:nding rate of t^x. 1 connections is lower 
botmded by tw,. . the arrival ral* k. ser^^er 1 is larger than . and thiu. p, is clcse k. L Tyj>e 2 

connections, which feed server 1 at a rate not larger than 1 (the out]>«t rate of server 2), then have 
a g.x.dput not larger than (1 - p,l which Ls cl.:« to zero. Hence the number of .yj^e 2 comiections 
builds up, resulting in a value of p, close to L so that tjT,e 1 connections are blocked at ser^^er 2, 
and to on. 


3.3 Discussion 

First notion iUi xhrr results derivr-.l [or two roxxpUA links also apply to a symmetric diaiii of oii 
arbitrary niunbrr of links. The same developmeiits caii obviously be extended to more .c:eneral 
as\wnelri.:oourio-iirati.Mis and iLey woiU.j api^Iy also U^an arbitrary niunber of non-bot tleneok links 
were in.:li.ide'J . lu oLLer wr.r-ls, allLou3:li ihe .ronsidere^.l model is s.:.mewLaL .:onirived in tie interests 
of siinplicity, it is repr^^ntative of real life network oonfigm-atic^ns . We oonje.:tiu-e, therefore, that 
this iastabihty phenomenon Ls indeed present in the current Internet. Instability due simply to 
c.verload, as <.lis.:.ussed in the .:.a:>e of an is-^late.:! link, also .rlearly exists in the netwrirk. 

While the instability phenomenon is real, a nmnber of factors mitigate against its eflects bein.s: 
visible. Fii-stly, the no^twork doc^ not generally porfonn the detailed traffic iVioasiironKnts na-^essary 
to identify retransmissions or allow an estiniation .:>f the number of flows currently active:. Special 
3'ncasurenK:nt <:.ampaigiis do reveal very largo numbers of flows on some links [TMWOT] or ex^x<^- 
sively high loss rates [PrXKOs]. The fee^Jback iiislabiliiy, wliile Iheoretically po>.sible, will only oectu- 
rarely at low loads. Aii analogy with the well known instability phenoiTienon of Aloha is ar)propri- 
ate, although the assumption of Poksr.n arrivals is more reasonable here than in the finite s.:.urce 
environment in which Aloha is usually employed. Finally, instability is natm*ally limited by the 
behaviom- of users or end applioa lims which are not. infuiilely patient. The ad<:hiional impact on 
netwc^rk efficiency of this behavioiu* is dis^russe-.l l.telow. 


4 Incomplete transfers 


When rate tends to zerc^.. either customers are impatient (they click on the browser stop button) or 
appli»:ations interpret the very high loss rate and long iiiter-packet thnci^ as evidcmce of a broken 
cc>nnection and abandon the transfer. An instance of impatience is illustrated in Figme i; in [FCaMv] 
v^Lere a gToup of (i TCV flows (presimiably corresi>on..ling to difi^erent elements c»f a single ITtL) are 
interrupted.! sinndtaneously after ■M\ minuter. Xote, however, that ihe stop bui ion .Joes not ne.:essarily 
inteTru]>t a transfer on a network link when the irausfer frorn a Web server takers place via a prox->-: 
even though a user grows inipatient, the proxy wDl continue to downk^ad the requested document 
and store it lo.:ally for future cc^nsultati.i.n. In the latter case, transfei-s are only inteiTupted if the 
application implernente..! by the proxy server ..leci-Jes that thi-oughput is so low and the loss rate so 
high that the connection rmist have brc«ken. 

4.1 User impatience 

We re.:onsider the prcM:ess-:.r sharing m.xlei introdu-reel al«;.ve where, however, we introduce user 
impatience- Spetrifically, we now assimie docimieni size and iLser patience are both exT>onentially 
clistribut«F These assumptions are clearly not realistic but seem ne.:essary to derive a tractable 
mc>del. 
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4.1.1 Maa^koviaji model 

Assume tLen th.t. a ..b,§]. *erv« witL «nit ..rvioe ..p.e..l (i.e., r = I) att^nk mk.m.r. i„ o FS 
fasbon. r:u.ton-,er.s arrive to the queue according tc. a Poi..:.u prc:^ with rate A. Th^ir ^rvic 
r«,uaemen.* c..r.ai,u... an i.i.l. ^,uwe of e.x]>:.nenl.ially .U.u-il.ute..! ra.dom variable, with rn.a. 

r'auslcmer* may grew hni-.a(.i«U. and leave l.Le queue Wfore iLeir .«rvice .v.„,pl.t. xLe 
sequence of the >tience dm-aticu.^' of the cu.tcrner. i. an i.i.d. ^-.uen.re of exjx.entkd r.n<I.m 
variables wtth mean i/p,; this sequence independent of the other source of randornn^. We 
a™e acb«...ioB control hnplernente-.l l.y rejecting additional customers when tLere are already 
A' ciLst<:»mers preseni in the syr5.tem . 

Donoto by A", tho number of customer, m tho system at time r. nie-arly. {AVI ls a Markov procc^. 
on (i): . . . , A ] , with TroiLsitioB ]*ot*:<i aivon by 


q(n,n + i) = A, 0 < n < .V: 
(/(n^ n- J) - /j -^- uji-^ 11 < ^, < v. 

It ha$ tho stc,ti*:»nory piv.bcibility di<.tribiitioD { dofinocl by 


where- 
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The sla ..e variable A", k not enough Ic. measure the efficiency of the server. Consider the quanliU- 
- L...,.V. der.ne.1 as the mean work spent by the server on the c^.stcmers pr^nt in th. 
system, g.ven that A. is cu^Temly jumping from state „ to another state (we are iuter^t-l in the 
work done on the cust..n,ers pr^nt be/or. the j.unp). Consider the imbedded dis-.n-.t.. tin,. Markov 
cham >•„. which consist, of the sequence of states vtsitcd by A,. It is reversible, with stotiouarv 
ruoo.s.xir4/ satisfying 

Its iion-2or4:> traiLsiti.>n probabilities, arc 


( 


</(«. »). + 1) = A/(A + 1.,>q(u7/; + I, < „ < f^-. 
./(«,)». - 1) = („,,, + ,y.)/(i„^^vA + n/.,- + 0 < » < N. 

The quantitie:? 0„,n=L...^ N satisfy the .system of linear equations: 

^ l.,<.vA + l„>o(„,,..+;4 + » + ^^^T^^n+i + » - (7) 

where Oo = 0..^, = 0. To see this, consider an i^stam J- at w^hich A', k about to kav. state n 
■The work done on the .n.tomers at that tin.e is the sxm. of the tinre spent in state „ and th. ..,rk 
done on the customers prior t.:. the entran,:e into .stat^ n. The fir^t term in the above .xpr^.ion of 
0„ >s exactly the mean sojoturn tin.e in state By reversibility of the chain {^J . knowing that the 
system us m state ». the prob-nbthty that the previously .-isitcd state was n±Lis exactly d(n n ± 1) 


h. COS.:- tho htmct state h n -l.no cietomor departure ocnirrod at the prcvioi,* tromition and the 
'av.nas< w.:.rk ocomplish-xl before the Jump from » - 1 to n. on the eiistomci^ ..till in the .yHorn ci 
r-, Ij.en ih.,. In ca.^ i..Le fe-rmer slat* is „ + i, , oasiomer ..leparUire oeciirre.:!, an..I Ui* choice 
of the customer departing wa* oompletely random, not depencLng on the work already receive,.! by 
l.hi* ..nisiomer. *o ihal ll.e average work achieve,.! before I.Le jmnj. Jrcm n + 1 i.., „ on iLe ci.slomers 
still in the system at J- is given by 0„+in/(u + 1). 

W-r now ttu-n to the .x.mpi.tmi.:>u of .server efficiency. The argt.ments are only .sketched here, and 
a more caroft.l derivation con be found in [MnaSb]. The usefnl work done hy the server pei time 
lUlit, wLi«:L we *.Ieitote by /./. h oiven by 

U = jE {work clone on ciLstoirirrs -x-mpleting ser\i.:e in [U.i]) 

fox oil i > IK rv^nditionolly on To = n, tho probobility of hoving one transition chiriiig [0. /] is given 
l -y (Al«<,v + tJ/ii +//ln>n)/+o(7). r:on..UUonaUy on b:.LL events l-Le ani-Mint of work done on iLese 
n customers prior to tLe transition is, on overage, 0,,, AWj. oiauUtionclly on Ih^ tvv, evenis LLere 
is a probability 

/'ln>o/(Al.,,.<,v + Ufli ~f /ilM>n) 

that This transition corresponds to a sc:rvioc: completion, in whioh case the average aiiiount <:>f iisofid 
work d.Mie on the departing onsioirier is O^/n, Simirn arizing, one obtains 

Letting i — j- ( » yields 

n=:J 

Fcrmiila (H) oan iised to investigate mmaerically hc^^ tlie e/Dcienoy .:>f the system mxler .x.nsider- 
ation varies vi-ith AT. 

4.1.2 NiuiKrical application: 

Displayed in Figiuo 1 k the behaviomr of // c.s a fim,.^ion of .V. for three- offered loads, unit sized 
de.:«menUs (,i = 1) and an assumed imp-Hience rate of /x; = fi.Ol. The figure clearly illtLstrales 
the existence of a maxiiiuum gc-xiput obtained! by limiting the number of simidtanecus flows. The 
pre,:ise value of the maxiirrtmi depen..k on the chosen paramet«s (/.,-. ix. partictilar) and k not 
particularly significant for present pnrposes. In Fi.giue .=>. we show how g.:.odpnt depends on the 
impatience rate. In the pra.^ically significant ca.se where the impatience rate is .smaU, it may be noted 
that reasonable g.x.dput Ls obtaine d for a mde range of adjiiLs-sion control tlucsholds, siijve.:stiiis that 
the value of .V is not higUy criUoal. .411 curve* show thai go.>.lput lends to a limit as A' incria.s«. 
For paiient xu^rs (m,- small) or heavy traffic (A » the value of this limit is 1//, f ,Lis Ls formally 
«tabhshe,l m [MJ\m]) wLich, as confirmed in the fignue.. coastimtes a rea.sonable appro.ximallon 
for other relevant parameter ranges. 
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offered load - 1 



offered load = 4 


100 
max flows 


Fioiirt- 4: Hoodput against a<.lim>.sion lliTt^^sLold for irnpatien-rr rate =i)XM 

4.2 Broken connections 

All alternative reason for fl^.w.s not completing is that the higher layer applications deduce from 
the poor p<:rformon.:o of Tr:p (Iom- tlu-oughpiit. oxc<:ssiv<: loss) that the ooima^tion is broken and 
conse^iiientl)' interrupt iLe transfer. A smiple approach i.:> evaluating ihis behavioin is to a.Jopi the 
alx.ve prrM:e>s.:.r sharing iiiCM.lel and to a.ssnme that, whenever the niunber of flows hi progress exceeds 
a lin-iit value .V, one of the flows immediately breaks, the instant ane^Mis tlu'ou.gliput 1/(.V + 1) beinu 
insufficient to sustain the opplioation layer proto.:r.l (wo do not assmiio all connc.:ttions are then 
broken but rather that the first one t-:. break immediately releases the pressm-e on the others). 

The analysis of the prcccdiaig s<-ction stHl opphes on sotting = (i evcaywhorc. and roplacin- 
the concUiion ::r (•) by ihe e<-|uauon (h'^^ = Ox. The latter eciuation reJlecis the fact thai the 
ntmiber of flows attains .V -f 1 only for an infmitesimal .Juration (the liine for one .:onne.:tion lo 
break) before reverting to the value .V. With th^ modifi.:ations ^^e can again evaluate the nsefid 
utilization /Y by (8). 

Xumerical r«:sults show thot for any icasonobly largo value of N, wo have // = p for p < 1 and 
// = i/p for // > 1. Simply selling an adnik^ion .M»ntrol threshcJd large enough bui l^^s thaji .V is 
sufficient lo mamtain the value of// at 1 in case of overload. 

4.3 Discussion 

The abo^-e mcKlels are dearly very sniiple and impre:ise. However, we maintain that they do amply 
UliLstrate the following fwo points: 


♦ tLs.;ful work accomphsbxl by a bottlcn^xk link in cas,- of overload (/. > 1) can b*; much k:k> 
than the ol^rved utiliiaiion (as low as i/p with the above Markovian assumptions); 
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imp=.0O1 



100 
man flows 


Figure o: Cio-xlpiil ao:oiii:^i a..Imi;>:>ir,ij Uire^LMl,! [or ofiered load = 2 (ji, ^ imp). 


♦ .^.b-iiLssioL .:onl.rol, hy lirnitino- il,e mmiLer otnow^ in pr.:.gres.> lo U below r» suitably cliosen 
ikre:>lio]d, k an eJTective means lo maintain usefid l.Lioiio]i]nil. 


5 Realizing admission control 

While wc bcliovo tho DTgiuBont^ of the: prc^-io^ls sc^ctions clearly show the desirability of admission 
control for TOP flows, ii remains ne.:e-<>ary lo demonstrate that this is leasibk. In this section we 
des.:ribe the type of a.MiLssion control Me have in mind and dis-russ the realization issue. 

5,1 Counting flows 

Hiven the very small size of mc^T documents transferred using TCP, it is clearly mireasonable to 
implement admission control using sig-nailing exchanges which introduce significant overhead and 
latency. Rather, we envisage a lightweight procedure where admission contr<:.J and flow rcmtin.s: are 
porform^xl "on the fly\ A router would no:-d to be able to identify whether an ija<:oniiiig packei 
belongs to an existing or a now flow. Li the former cos.;, tho packet would be forwardc:d to a 
pr^.Mme.1 output link (as in MPLS, for example [\TZr:ON]). A-hai^sion -ronirol and fl.:>w routing 
are performed for new flows. The router would need to determine an appropriate outgcung interlace, 
taking accoimt of the required de:>tiiiation and implementing some tc-be-defined routing policy. If 
no such cgr.:^s Ls suitable, the router would simply not forward tho packet. With Tf^P, tho latter 
action is etinivoleni l^. admission refusal. Re-attempts will be made and any sul.sequeni rejeciioas 
intc^rpretc-cl acc4:»rdiQg to the pr.:>tocol sponfication. 

Flow rouLmg is beyond the scor>e of the pre^^eni paper and we limit sulisequeni .lis.:iLssion lo 
the issu^ of i^!entifying a new flow and de.:icUng if a given ouTgv,iiig Ihik can accept it. Assmne 
the packets of ^ .given TCT flow aU ent^r the router .:.n a particular input. To determine wheth. 


ei' 
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0 flow i$ now or not. it is ^^ufBoicnt to coiTii)oro its idciitificr (o-tu]>I<:) with thot of th< flo^vs on 
0 list of ootivc: flows. Flows would be rcanovocl from iho list if no jjockct wore- r<>:oiv.xl within o 
certain lime-oxil. iaitervoL as envisag^l in the. oase of IP-SAvitoLing [NLMOt;]. This is oertahily uoi 
on easy opera ti.:.n but one wLioL -.L^es not seern to be .:.utsicle the realras of i>:«ssibiJity, oiven re-.-ent 
teclinological <,levelopnienls [KSOs. K'LSOs]. 

To avoid Tlie instability an..l ineHioien.ry problems considered above, tlie admission contrc.l de-rision 
can be based siinply .:.n knowledge of the number of flows .:urrently active on an outgoin.2: link. This 
nimibcr coidd bo dcducod from tho history of pronoxis routing dorisioas and assumed flow .x^isaiions 
on the hi'V^rning IkiLs. 

5.2 Queue management 

TO? has boc:n dosi.gBC:d to work with routers oqtiipped with a sirn]>le FIFO queue on each out.^oin.o- 
link irnplernentiug Lail *.hv.p paekei ^.Usoard. Tliis is the assiuiied operaiing mode in ihe ..leriva lic-n 
of the tlu-oughput foninda (1). Emplc.ying admissic.n .rontrol with sueh rc-uters wr.nkl oonsi- ierably 
improve i>erf.:.rmanee, as cUscus.sed above. However, flow identifi.:ati.:.n, which is necessary f.:.r admis- 
sion control, opens tho possibility for rnorc soplustii:atrd queueiug Si:hem.:> with potentially .^rcatcT 
gains in efTi'.-ieii'ry. r-jbiislness and fairness. 

AVe have in mind, for instance, the per flow Wix queneiiig scheme describe..! by Suter et aL. 
[SLSOOs]. As well as the advantage identirie<.l in ihat paper, there is evidence ihat per flow fair 
queueiug at link level leads to overall max-min fair rate allocations in the network [MflMSa]. Al- 
ternative s.:he<:luling pcJicies sacriftcing fairn^s in the intere^-ts o[ overall eJUciency could als-:* U 
envisaged. 

5.3 TCP enhancement 

Despite tho fact that the suov^s «>f the Internet owr:> much to the- ubicjuity and the robustn.:<.s of the 
dilToront versions of TCT* developed over tho last ir» years or so, this protocol still constitutes a rather 
iaefllcienl means .>f sharing network bandwidth l.etween concurrent elastic flows. The inem.:iency 
of packet loss as an in..licator of congestion Ls ad^bessed in ihe ..^lureni propc»sal tc* use an explicit 
congestion notification (Er:X) indication [FloOL RFi:»8]. More ra.Ucal enliancements, such as tLc^^ 
propos*;d iu TCJ* Vcgt^s [BPOo], can iinprove overall effidency. However, tk^y are milikely to he 
introduced if, as at prc^^ont, theii- us*:- in competition with the more aggressive lieno and Tahoe 
versions wv.idd lead 10 less throughput for theii- users. Flow identificati.i.n and jv-r flow s.:hedulin.a:, 
by ensiu-ing fail- aud eflQoient bandwidth sharing, can remove the i-iu-rent advanta.o:es gained by a 
implementioig more aggTe:?sive reactions to conge>tion, lea^.liug to tiie development of a (yet) more 
frientDy version of TCP. 


6 Conclusions 

advcnraW the use of odiriis-sion .rontrol for both sxr^tmi (oiicUo rmc\ vide.:.) and elasti*: (do^rurneiiT 
troiisfer) flows. For elastic flows, admission o.:.iiTrol would be u.sed to eiis\u-e that every accepted flow 
cxi->oricncc> a rninirnmn o-rooptoblc throughput. Whilo it may be considered that su^-h quality of ser- 
vice is essential iu any ^x-irmiercial network where: users arc: required tc» pay for the doomnent and/or 
its transport, the arguments develope^il here highlight the negative impact on network performance 
C'f not perfc»nriing a'.hiiission ccoiirc*!. 

We have fu-st liighlighted the considerable ineJIicienoi^^ due to the use of packet loss as the ineans 
for TCP connections to probe for their share of network ban.Jwidth. Retrarismk->i.:.n of l.:»st pack- 
ets coiLstirut^ a coasi.Jerable overhead (>10%) whenever I].:»w throughput decrea.ses below a rate 
of aromid packets per second. To maintain such a minimal throughput would require admission 
control to hrnit the niuiiber of flows ..nu'rently sharing any bottlonork hiik. In certain routin.2; ron- 
n.giu-aiiorLS, the network can enter an un,si able state where ahnost all bandwidth is wasted hancUins; 
retraiLsmissions, while the ntimber of flows in progr-^s increases milMMindedl.w Such instability is 
che-rked by limiting the nmijber of flows acbiitted. AVe note that the proposed use of explicit con.o;es- 
tion nc^tiflcation would also remove this soiirce of instability, as Long as a suflTiciently lar.oe prc.]>ortion 
of flows were to use this enhancement to Trip. 

A stx-ond source of inefficiency in a nc^twork without admission <ronTrol is the propen^sity for flows 
tc. be interrupte..! as the response lirne is prolonged due to congestion. Since the w.>rk done trans- 
ferring the fu-st part of a ac»cument is generally wastecL in.:omplete transfers constitute a significant 
sotuce of inefficiency. Simple models propc^ed m this paper ilhistrate that the projx.rtion of Imk 
bandwidth wastc-d in tliis way can bo considerable unlc:?s admission control is employed to maintain 
the throughput at an acceptable level. 

The simple admission control condition of limiting the number c»f elasti.: fle^ws in pro.grc^vS t:»n a link 
to l.»e Im?1ow some tlneshoL.L nevertheless appears to U at the current limit c^f technological feasibility. 
\\> sug.gest that elTort of devehi.ping an efficient solutic»n would be well worthwhile, however, both 
for the i.lentified advantage> of a^^hmssion o>ntrcJ and for the enlianced possibiliti*-? alFor.Jed for 
intelhgent flow routing. Fairne>s and efficiency could be further improved by the additional use of 
per flow queueing mechanisms. 
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